We have developed a surface mounting technology for the rapid construction of ordered restriction maps from individual DNA molecules. Optical restriction maps constructed from yeast artificial chromosome DNA molecules mounted on specially derivatized glass surfaces are accurate and reproducible, and the technology is amenable to automation. The mounting procedures described here should also be useful for fluorescence in situ hybridization studies. We believe these improvements to optical mapping will further stimulate the development of nonelectrophoretic approaches to genome analysis.
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We developed (1) optical mapping for the construction of ordered restriction maps from individual DNA molecules. Our initial application (1) was construction of ordered restriction maps of Saccharomyces cerevisiae chromosomes by using rarecutting enzymes. Maps were constructed by imaging individual DNA molecules elongated and fixed within agarose gel, triggering resident restriction endonuclease by addition of Mg2+, and visualizing subsequent cleavage events. Cleavage sites in fluorochrome-stained molecules were observed as growing gaps by fluorescence microscopy. Resulting restriction fragments remained in register during the digestion process so that their relative order was apparent throughout the procedure. The molecular mass of each restriction fragment correlated with the relative fluorescence intensity as determined by computer image processing and analysis of digitized images collected with low-light-sensitive cameras. Relative fluorescence intensity and length were also closely correlated for fragments ranging from 20 to 900 kb.
The mounting of DNA molecules for optical mapping, as originally developed, requires a flow of molten agarose to elongate and fix target DNA molecules for observation. Agarose embedding serves three functions: (i) agarose provides a stable laminar fluid flow to stretch long molecules into a single optically detectable plane of focus; (ii) when gelled, the matrix restrains molecular relaxation; (iii) agarose allows restriction enzyme activity. Although the agarose gel matrix was suitable for these three purposes, performance of the first function was problematic for the following reasons. Fluorescence intensity of individual fluorochrome-stained DNA molecules has been shown to accurately correlate with relative mass (1), but for fluorescence intensity to work well, the entire molecule must be brought into sharp focus. Out-of-focus light intensity components cannot easily be accounted for in the total luminescence measured. Another problem is that the agarose gel itself scatters light (2) . We thus reasoned that mounting molecules onto a "sticky" surface would eliminate most focus and scatter-related problems but might also hinder restriction enzyme activity by introducing inhibitory steric interactions. To assess these issues, we titrated the amount of surface
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. modification (adhesion) against molecular extension and restriction endonuclease efficiency. We report here the development of a surface-mounting technology for optical mapping and its application to the construction of high-resolution ordered restriction maps of yeast artificial chromosomes (YACs).
MATERIALS AND METHODS
YACs, DNA Preparation, and Pulsed-Field Gel Electrophoresis (PFGE) Restriction Mapping. Gel inserts were prepared (3, 4) from five YAC clones (5, 6) named 7H6, 3I4, 3H5, 5L5, and 6H3 (Centre d'Etude du Polymorphisme Humain names: 376G4, 254D10, 252C3, 435F3, and 472D6, respectively) and yeast strain AB972. PFGE was performed on an ED apparatus (7) . YAC sizes were measured by comparing relative electrophoretic mobilities to X DNA concatamers and yeast chromosomes. PFGE maps of 7H6 and 3I4 were constructed by Southern blot analysis of YAC DNAs cut with different restriction enzymes (data not shown). Blots were hybridized (8) with a radiolabeled human Alu repeat probe. Ordered maps of 3H5, 5L5, and 6H3 were constructed by partial digestion (9) by using probes derived from the right and left cloning arms.
Surface Preparation, DNA Mounting, and Digestion. Glass coverslips were cleaned in excess 3 M HCl at 95°C for 2 h and then thoroughly washed with high-purity water. Cleaned glass coverslips were derivatized by immersion for various periods in freshly prepared 0.10 M 3-aminopropyltriethoxysilane (APTES; Sigma; pH 3.5) at 65°C. After APTES treatment, coverslips were washed thoroughly with high-purity water and air-dried. To create a chamber for DNA mounting, glass microscope slides were drilled to create a 1-cm diameter hole, which was then sandwiched between two coverslips. First the APTES-treated coverslip was attached with silicone vacuum grease, and then 20 ,ul of DNA in molten agarose gel was slowly spread onto the APTES-derivatized surface with a Pipetman. The top of the chamber was then quickly sealed with an untreated coverslip by using vacuum grease. Chambers were incubated on a 45°C heating block for 10-30 min to allow DNA in the molten agarose to transfer to the derivatized glass surface. Slightly tilting the chambers generated a mild fluid flow and helped to stretch out the DNA during transfer. After transfer, chambers were chilled at 4°C for 5 min to set the gel. Then the chambers were opened and 3-5 units of restriction endonuclease, diluted in appropriate buffer, was added to the gel surface. Chambers were resealed and incubated 1-2 h at 37°C. After digestion, samples were stained either with ethidium homodimer [ Based on the data shown in Fig. 1 , we initially decided to use glass surfaces incubated in APTES for 3 h. We found that this incubation time produced a uniform extended length distribution; however, the molecules relaxed excessively during a 2-h digestion. We then extended the APTES incubation time to 5 h. At 5 h, the mean length is roughly 55% that of the polymer contour length. A high degree of elongation facilitates the detection of small restriction fragments but may inhibit restriction endonuclease activity. The next step was to assay restriction endonuclease activity (1) .
Digestion of Mounted DNA Molecules. In previous optical mapping studies (1) (1995) molecules mounted in agarose: 85 vs. 50% (data not shown). Efficiency was measured as the probability of cleavage at a given cognate site (1). The overall image quality was greatly improved as well.
Mounting DNA molecules on a surface has a drawback-not only does most of the DNA in the molten agarose stick to the surface, fluorescent debris sticks as well. We thus had to lower the DNA concentration since we were limited to observation in a single optical plane. We developed a shear-free dilution protocol based on spermine condensation (13) . The protocol collapses DNA coils embedded within agarose so that molten agarose can even be vortex mixed without significant DNA breakage. The spermine DNA condensation/sample dilution step was used for all YAC samples. After dilution, spermine was removed by washing gel inserts in excess TE buffer.
Mass Determination. We have demonstrated (1) a quantitative relationship between mass and the measured fluorescence intensity of a labeled DNA molecule, as imaged by fluorescence microscopy. Additionally, we established (1) a reliable relationship between microscopically imaged restriction fragment length and mass. These studies were performed with DNA molecules fixed in agarose gel. Since the surfacemounting conditions described in this communication are different, we needed to reevaluate our methods for mass determination.
We digested surface-mounted S. cerevisiae chromosomal DNA molecules with Not I and measured restriction fragment fluorescence intensity and length. These measurements were plotted (plot not shown) against the well-established Not I fragment sizes of S. cerevisiae chromosomes (1, 14) . Fluorescence micrographs of typical molecules are shown in Fig. 2 . The most notable difference between fluorescence intensities measured for surface-mounted molecules vs. gel-mounted molecules (1) is improved reproducibility: pooled standard deviation is 17 kb vs. 36 kb previously obtained. Also, the fluorescence intensity data on surface-mounted molecules is accurate down to 30 kb, whereas our previous gel-mounting protocol gave poor results below 60 kb. The overall relative error with surface mounted molecules was 4%, identical to results obtained by standard methods (14) , and the average of the coefficients of variation was 12%, indicating precision comparable to routine PFGE analysis.
Mass determination by the measured length of surfacemounted molecules is also superior to previous results with gel-mounted molecules. The length measurements showed a pooled standard deviation of 32 kb vs. 47 kb and the average of the coefficients of variation was 29%. The relative error was 7%, which was not as accurate as the fluorescence intensity data.
These fragment-sizing studies show that fluorescence intensity is more accurately and reliably correlated to mass than length. Overall, the images of surface-mounted molecules were consistently in one focal plane. Good focus is essential for accurate fluorescence intensity measurements, whereas length measurements are less subject to error due to blurry images.
Apparently restriction fragments produced by digestion of surface-mounted molecules vary in length more than fluorescence intensity values. Errors caused by length variation could be reduced by selecting only uniformly elongated DNA molecules.
Improved Images with YOYO-1, an Oxazole Yellow Homodimer. Fluorochromes with improved DNA binding efficiencies and quantum yields have been developed recently. We tested YOYO-1, an oxazole yellow homodimer, vs. ethidium homodimer to optically map YAC clones 3H5, 5L5, and 6H3. The YOYO-1 images were brighter and of higher contrast than those made with ethidium homodimer. Also, while high-salt conditions diminished the fluorescence emission of ethidiumstained molecules, YOYO-1-stained molecules retained luminosity in high salt and under severe fixation conditions. Interestingly, we observed serious photodamage to DNA in solution with YOYO-1, manifested as double-strand breaks, even in the presence of 2-mercaptoethanol. Fortunately, surface-mounted YOYO-1-stained DNA molecules had no measurable photodamage (double-strand breaks) in the presence of 20% 2-mercaptoethanol. Additional 2-mercaptoethanol was found to diminish YOYO-1 fluorescence.
Given the qualitatively superior image contrast attainable with YOYO-1, we expected improved restriction fragment sizing results. Our expectation was confirmed: the pooled standard deviation on the means calculated for YOYO-1-stained restriction fragments dropped to 11 kb from 17 kb and the average coefficient ofvariation decreased to 7% from 12%. Restriction Digestion and Map Construction. Five YACs were optically mapped with restriction endonucleases Mlu I, Eag I, Ntu I, and Not I by using the optimized APTES fixation and YOYO-1 staining conditions described above. Figs. 3 and  4 show typical images of molecules used for map construction. In general, images were clear and high contrast. Maps were constructed as described (1) , with minor modifications to exploit the potential of high-contrast imaging. The analysis necessary for map construction was simplified, in comparison to the previous approach, since molecules were imaged after digestion. Long image integration times were used, and only one image was collected per microscope field. Previous procedures (1) required the examination of a series of time lapse images and the analysis of four or five contiguous (temporal) images. The cleavage sites of surface-mounted molecules were flagged by the appearance of gaps, and fragment ends occasionally displayed bright regions of condensed DNA.
To orient these maps, the YACs were further characterized by double digests. Some of the resulting maps include as many as six fragments ranging in size from 40 to 180 kb.
The overall agreement between optical and PFGE maps was excellent, in terms of both fragment sizing and ordering. Restriction fragment sizing results are summarized in a plot of optical size vs. electrophoretically determined size (Fig. 5) . The PFGE maps were constructed by using single and double
DISCUSSION
Optical restriction mapping of DNA molecules is an alternative to conventional gel-and hybridization-based methods for producing restriction maps of large DNA molecules (1). Optical mapping is an attractive technology based on the following considerations. (i) It is rapid and safe, not requiring time-consuming procedures such as gel electrophoresis, preparation and radiolabeling of probes, nucleic acid hybridization, and autoradiography. Further, it is an easy and inexpensive technique to perform, requiring-apart from the microscope and camera-very small quantities of very simple materials.
(ii) The technique yields consistent results, the accuracy of which has been proven by direct comparison with standard methods. (iii) The technique, because it analyzes individual DNA molecules, holds enormous potential for miniaturization, automation, and the consequent order of magnitude increases in throughput and decreases in cost.
This report describes several important improvements to optical mapping that derive from the ability to analyze DNA molecules adhered to APTES-derivatized glass surfaces. [The previous optical mapping procedure (1) 
